Abstract: Microscopy in the mid-infrared spectral range provides detailed chemical information on a sample at moderate spatial resolution and is being used increasingly in the characterization of biological entities as challenging as single cells. However, a conventional cellular 2D imaging measurement is limited in its ability to associate specific compositional information to subcellular structures because of the interference from the complex topography of the sample. Herein we provide a method and protocols that overcome this challenge in which tilt-series infrared tomography is used with a standard benchtop infrared microscope. This approach gives access to the quantitative 3D distribution of molecular components based on the intrinsic contrast provided by the sample. We demonstrate the method by quantifying the distribution of an exogenous metal carbonyl complex throughout the cell and by reporting changes in its coordination sphere in different locations in the cell.
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Chemical imaging of cells and tissues relies on the use of spectroscopic techniques sensitive to sample composition in an optical configuration suitable for spectromicroscopy and spectroscopic imaging. Most chemical imaging techniques are based on vibrational spectroscopy or X-ray absorption. [1] Among the vibrational spectroscopy techniques, the absorption of middle infrared (mid-IR) radiation has been particularly successful in providing a detailed description of microscopic molecular composition. It is receiving considerable attention as a microscopy technique to study biochemistry in cells and tissue, both fixed and living, including the uptake and distribution of exogenous compounds. [1e, 2] In an IR microscopic imaging experiment, the spectroscopic information associated with IR light absorption is coupled to the spatial information contained in the 2D image formed on a focal plane array (FPA) detector, [3] providing a representation of the chemical composition throughout the sample. [3, 4] Despite the wealth of information in a 2D IR image, this format is intrinsically limited because of the difficulty in separating the contribution to the image from the complex topography of the cell. [5] With increased demands being placed on IR imaging experiments, such limitations need to be tackled. The use of attenuated total reflectance (ATR) microscopy techniques can potentially help in some situations where the penetration depth of the evanescent field can be used to gain selective spatial information, but this is not a general case.
[6] An important example is provided by efforts to study the cellular uptake of compounds of pharmacological interest, which have been hindered by the difficulty in assessing accurate subcellular distributions from IR images. [7] The study of metabolic processes in cells is another area wherein imaging and accurate quantification of subcellular concentration gradients is of critical importance.
[4c]
However, the possibility of extracting quantitative information from IR absorption spectra relies on the knowledge of the light path through the cellular structure under investigation, which is not available from 2D images. Similar issues are also present in Raman and CARS imaging of cellular systems. However, in contrast to the case of IR absorption measurements, in Raman measurements the shorter depth of focus facilitates 3D image reconstruction by imaging different planes along the z axis. [7, 8] This is not possible with mid-IR radiation, whose depth of focus is frequently greater than cell thickness (see the Supporting Information).
We have addressed these challenges by developing a method to collect three-dimensional IR tomographic images of cellular samples. The general viability of a mid-IR tomography experiment has been proposed by Martin et al. [9] using a synchrotron IR beamline. However, the need for synchrotron light considerably restricts the applicability of the method. We now show that the chemical imaging capability of mid-IR tomography for subcellular imaging can be fully implemented with a benchtop microscope and a conventional light source.
We measured tilt-series transmission images of a single layer of cells from the epidermis of Allium cepa. Experimental details are reported in the Supporting Information (SI). The experimental setup is shown in Figure SI is characteristic of the alkyl chains of fatty acids. Tomographic images constructed from these absorption bands clearly render the spatial distribution of subcellular structures, including the cell wall, the nucleus, and a large vacuole, marked with V in Figure 1 , which occupies much of the cellular volume.
One notable case in this particular sample is the identity and location of cell nuclei. The visible photographs and 2D IR images of Figure 1 show the presence of several structures within the cells in the size range of nuclei. In particular, two of these structures, marked A and B in Figure 1 b,e, overlap. A difference in the composition of the two structures is apparent, based on the different intensities of the bands at 1538 cm À1 (Figure 1 be) and at 2917 cm À1 (Figure 1 k-o) . In A absorption from alkyl chains at 2917 cm À1 is much lower absorption than in B, indicating lower lipid content. In 2D IR images, this difference in spectral absorption does not disprove the assignment of either structure to the nucleus, since the adsorption could arise from the contribution of other cellular components above or below the structure. In contrast, 3D images are unambiguous. Figure 2 shows frames extracted from one reconstruction that highlight the detailed structure of the cellular components of interest. Only structure A is located in the same plane as the cell wall. Structure B is located on a plane outside the cell plane and extends over the cell wall, therefore excluding its identification with a nucleus. In addition, structure A is barely visible in Figure 1 k-o, indicating low lipid content, as expected for a nucleus. [5] Structure B appears to be a droplet with a high content of long-chain alkanes, probably a spherosome (lipid body). Discriminating between spherosomes and nuclei is normally possible in optical microscopy by selective staining. [10] In contrast, in our experiment we show that these cell structures can be identified without staining.
Several structures that extend from the cell wall, such as filaments that are 5-7 mm in diameter, can be visualized also at 2917 cm À1 (l = 3.4 mm), indicating that the spatial resolution of the image is good. Similar conclusions can be drawn by observing the separation between the nucleus and the spherosome in Figure 1 and in Figure 2 . At 1538 cm À1 (l = 6.5 mm) the nucleus, 20-25 mm in size, is clearly defined and resolved from the nearby spherosome, in contrast to what is observed in 2D IR images, where the two structures appear to overlap. Figure SI 4 shows that the two objects, 8.5 mm apart, are fully resolved according to Rayleighs criterion. The resolution shown in 3D images is comparable to that obtained with 2D images using the same instrument. Although we did not quantitatively assess the resolution of this imaging configuration, and we expect it to be somewhat inferior to the diffraction-limited resolution, the possibility of resolving objects as little as 8.5 mm apart suggests that that it is close to diffraction-limited values ( % 5 mm at 2917 cm À1 and % 10 mm at 1538 cm À1 with the optics used in this measurement; see the Supporting Information).
We tested the possibility of using IR tomography to study the subcellular localization of an exogenous compound by mapping the 3D distribution of an octahedral trisaqua tris- .
carbonyl rhenium complex [Re(CO) 3 (H 2 O) 3 ]
+ (1, see Scheme SI 1 for structural details). Compound 1 is widely employed as a synthon for the generation of CO-releasing molecules, a new class of pharmaceutical compounds currently under evaluation. [11] The viability of 2D mid-IR imaging of the cellular uptake of metal carbonyl complexes has already been demonstrated. [7, 12] Compound 1 shows two intense CO bands (A1 and E based on their symmetry properties) in the 2050-1850 cm À1 region of the vibrational spectrum (Figure SI 2) . We measured the uptake of 1 using energy-dispersive X-ray microanalysis (EDXMA) ( Figure SI 3 ) and reconstructed its distribution using the CO absorption bands (A1 at 2021 cm À1 and E at 1890 cm À1 ). The tomographic image of the A1 stretching band indicates preferential accumulation of the molecule within the cell wall and the nucleus (Figure 3) . It is notable that the accumulation of 1 within the lipid body is negligible, a feature that would be difficult to appreciate in 2D images. In previous 2D IR imaging and mapping experiments addressing the cellular distribution of compounds related to 1 there were difficulties in interinterpreting IR maps in the proximity of the nucleus because of interfering cellular topography. [7] In contrast, in Figure 3 the partitioning of 1 between the nucleus and other cellular components is unequivocal. For additional detail, a 3D rotating reconstruction of the A1 distrubution is provided in the Supporting Information.
The concentration of 1 can be quantified in various locations of the cell by using the BeerLambert law (see the Supporting Information) on the 2D IR image of band A1 in Figure 3 . An accurate value of the optical path in various locations can be obtained from the 3D reconstructions. As an example, the concentration of 1 in the cell nucleus may be quantified at 10 mm.
The availability of reconstructed 3D distributions of spectral bands allows the quantitative analysis of the colocalization of endogenous and exogenous chemical species by various forms of correlation analysis. Figure 4 shows an example of such an approach which is based on a 2D histogram in which the 3D distributions of two absorption bands are plotted against each other, on a voxel by voxel basis; this is frequently referred to as a scatterplot. [13] Bands of species that are highly correlated in space give plots with a distribution of maxima along a slope. In contrast, bands that are not correlated in space give plots with a different trend or without any obvious trend. Bands from the same molecule show identical distribution and a narrow diagonal band in the scatter plot ( Figure 4) . Quantifying the correlation of band distributions is a rapid way to identify spectral features that are colocalized in the cell. It also makes it possible to identify bands from the same molecule, which must be highly correlated. The latter approach is a very important tool in resolving the complexity of cellular IR spectra. [14] As an example, Figure 4 shows the scatter plots of the A1 and Ea bands of complex 1. The plots are calculated over the whole cell (Figure 4 A) and over restricted volumes of the sample, such as the cell wall (Figure 4 B ) and the nucleus (Figure 4 C) . It is immediately evident that the scatterplot for the nucleus shows high correlation between band A1 at 2021 cm À1 and the component of band E at 1881 cm À1 (named Ea), while the other plots show a much poorer correlation. The bands from the nucleus must arise from one specific molecular species. In other cellular locations, complex 1 shows a heterogeneous structure, giving rise to multiple A1 and E bands and thus lower correlation. The observation suggests that uptake of 1 within the nucleus has occurred according to a specific mechanism that ensured structural homogeneity of the coordination sphere. In contrast, interaction with the cell wall is likely due to nonspecific binding of the rhenium center to the polysaccharide frame and gives rise to a heterogeneous coordination sphere.
The introduction of a protocol for 3D tomographic imaging in the mid-IR region provides a tool to greatly expand the capabilities of mid-IR microscopy in cellular physiology. In our work we show that experiments on cells can be easily performed by using a conventional benchtop machine with an FPA detector and a thermal source. The possibility of performing mid-IR tomography on a benchtop microscope is anticipated to have major implications on the impact of the technique. Benchtop IR microscopes can be easily set up in any cell biology laboratory. We expect that the introduction of cellular IR tomography will be one of the breakthroughs that will revolutionize IR imaging of biological systems, together with the development of near-field imaging with sub-wavelength resolution. [15] The applicability of the technique is general and not limited to plant cells. The same protocols described in this work can be used for benchtop tomographic imaging of any cells and any other samples accessible by an IR transmission measurement. The distribution is widespread and the appearance of clusters of data points indicates that there regions in which A1 and Ea correlate as well as regions in which the components appear to be independent. The line shows the linear regression line calculated as the major axis and the 95 % confidence ellipse of this linear model to describe the data. B) Scatterplot of the region of the cell wall. When the analysis was restricted to the cell wall, the data scatter more closely to the major axis, as indicated by the elongated confidence ellipse. C) In the region of the cell nucleus, the two species Ea and A1 are highly correlated as shown by the narrow confidence ellipse. The root mean square errors (RMSE) of the fits are reduced from 38 (A) to 34 (B) to 14 (C).
